HIV-1 entry into CD4 ؉ cells requires the sequential interactions of the viral envelope glycoproteins with CD4 and a coreceptor such as the chemokine receptors CCR5 and CXCR4. A plausible approach to blocking this process is to use small molecule antagonists of coreceptor function. One such inhibitor has been described for CCR5: the TAK-779 molecule. To facilitate the further development of entry inhibitors as antiviral drugs, we have explored how TAK-779 acts to prevent HIV-1 infection, and we have mapped its site of interaction with CCR5. We find that TAK-779 inhibits HIV-1 replication at the membrane fusion stage by blocking the interaction of the viral surface glycoprotein gp120 with CCR5. We could identify no amino acid substitutions within the extracellular domain of CCR5 that affected the antiviral action of TAK-779. However, alanine scanning mutagenesis of the transmembrane domains revealed that the binding site for TAK-779 on CCR5 is located near the extracellular surface of the receptor, within a cavity formed between transmembrane helices 1, 2, 3, and 7.
HIV-1 entry into CD4 ؉ cells requires the sequential interactions of the viral envelope glycoproteins with CD4 and a coreceptor such as the chemokine receptors CCR5 and CXCR4. A plausible approach to blocking this process is to use small molecule antagonists of coreceptor function. One such inhibitor has been described for CCR5: the TAK-779 molecule. To facilitate the further development of entry inhibitors as antiviral drugs, we have explored how TAK-779 acts to prevent HIV-1 infection, and we have mapped its site of interaction with CCR5. We find that TAK-779 inhibits HIV-1 replication at the membrane fusion stage by blocking the interaction of the viral surface glycoprotein gp120 with CCR5. We could identify no amino acid substitutions within the extracellular domain of CCR5 that affected the antiviral action of TAK-779. However, alanine scanning mutagenesis of the transmembrane domains revealed that the binding site for TAK-779 on CCR5 is located near the extracellular surface of the receptor, within a cavity formed between transmembrane helices 1, 2, 3, and 7. P rotease and reverse transcriptase inhibitors of HIV-1 replication have had a major impact on the AIDS epidemic in the developed world (1) . These drugs cannot, however, eradicate HIV-1 from infected people (2) (3) (4) . Concerns about the longterm side effects of protease inhibitors and the increasing transmission of resistant variants emphasize the need to identify new classes of drugs able to suppress HIV-1 replication efficiently (5-7). The immune system then may be able to repair defects in CD4 ϩ T cell production that are central to HIV-1 pathogenesis (8) .
One way to inhibit HIV-1 replication is to prevent the virus entering its target cells (7) . The potential of this approach is shown by T20, a peptide that prevents the conformational changes in the viral gp41 glycoprotein that drive membrane fusion (9) . There are, however, other targets for entry inhibitors, notably the coreceptors CCR5 and CXCR4 (10, 11) . The CCchemokine receptor CCR5 is used by the most commonly transmitted HIV-1 strains, which persist in most individuals throughout the course of infection (10, 11) . The lack of CCR5 expression in 1% of Caucasians is strongly protective against HIV-1 transmission, but is without any obvious adverse effect on health (12, 13) . Furthermore, CCR5 knockout mice exhibit no overt pathology (14) , although they have a reduced ability to resist Cryptococcal infections of the brain (15) . The limited impact of a loss of CCR5 function renders this receptor an attractive target for new anti-HIV-1 drugs.
Among agents that prevent the coreceptor function of CCR5 in vitro are chemokine-based compounds (16, 17) and some mAbs (18) (19) (20) . However, from the drug-development perspective, small molecules of less than 1,000 Da have significant advantages over protein-based inhibitors. Several CXCR4 inhibitors are known (21) (22) (23) , but so far only one small molecule, TAK-779, has been reported to target CCR5 (24) . Here, we show that TAK-779 inhibits HIV-1 replication by blocking the interaction of the viral surface glycoprotein gp120 with CCR5, thereby preventing virus-cell fusion. The binding site for TAK-779 is located near the CCR5 extracellular surface, within a cavity between transmembrane helices 1, 2, 3, and 7.
Materials and Methods
Compounds. 
-pyran-4-aminium chloride; M r ϭ 531.13) was synthesized by A. Bauer, M. Miller, S. Vice, and S. McCombie of Schering-Plough Research Institute, based on the structure in ref. 34 . Anti-CCR5 mAbs gp120 JR-FL and CD4-IgG2 were gifts from P. Maddon (Progenics, Tarrytown, NY) (19) .
Inhibition of HIV-1 Infection. Mitogen-stimulated peripheral blood mononuclear cells (2 ϫ 10 5 ͞100 l) were incubated for 1 h with 50 l of TAK-779 at 4ϫ the final concentration before addition of HIV-1 JR-FL (100 TCID 50 ͞50 l). Production of p24 antigen was measured after 4-6 days (25). TAK-779 was present throughout the culture.
Inhibition of Env-Mediated Membrane Fusion. Cell-cell fusion was measured by using the T7-luciferase system as described (26) . Fusion between 2 ϫ 10 4 Chinese hamster ovary (CHO)-K1-CD4-CCR5 cells and 4 ϫ 10 4 HeLa cells expressing HIV-1 JR-FL Env glycoproteins was measured after 2.5 h at 37°C by transactivation of a luciferase reporter gene (26) . Luciferase activity in cell lysates was measured by using a standard kit (Promega) and is expressed in relative light units (r.l.u.). CHO-K1-CD4-CCR5 cells were made by transducing CHO-K1 cells with CD4-and CCR5-coding recombinant retrovirus particles, provided by D. Kabat (University of Oregon, Portland) (27, 28) .
Binding of gp120 to CCR5. A gp120-CD4-IgG2 complex (50 nM) formed from monomeric gp120 JR-FL and biotinylated CD4-IgG2 was added to 1 ϫ 10 6 L1.2-CCR5 cells in the presence of TAK-779 (19) . The mean fluorescence intensity (m.f.i.) was measured by flow cytometry after addition of phycoerythrinlabeled streptavidin (19 murine L1.2 cells with a retroviral vector encoding a C-terminal hemagglutinin-tagged human CCR5 (from D. Kabat) (27, 28) have similar properties to a line described previously (18) .
Binding of mAbs to CCR5. L1.2-CCR5 cells (1 ϫ 10 6 ) were incubated with 50 nM of anti-CCR5 mAb with or without TAK-779 (100 nM) (19) . mAb binding was detected by using a phycoerythrin-labeled goat anti-mouse antibody. The m.f.i. value was measured by flow cytometry. Inhibition of mAb binding was calculated as above.
HIV-1 Entry by CCR5 Mutants and Effect of TAK-779. Entry of HIV-1 JR-FL Env-pseudotyped viruses into U87-CD4 cells expressing wild-type or mutant CCR5 was determined by using a luciferase-based reporter assay (29) (30) (31) . Briefly, 1 ϫ 10 6 U87-CD4 cells were transiently lipofected with 10 g of pcDNA3.1 expressing a CCR5 mutant. After 24 h, the cells were infected with NLenv-lucϩ virus pseudotyped with HIV-1 JR-FL Env, with or without 200 nM TAK-779, a concentration that causes Ϸ95% inhibition in this assay. The viral inoculum was equivalent to Ϸ100 ng of p24. After 48 h, the cells were lysed, and luciferase activity (r.l.u.) was measured (29) (30) (31) .
Relative HIV-1 entry in the presence of TAK-779 was calculated as: [(r.l.u. with TAK-779)͞(r.l.u. without TAK 779)] ϫ 100%. All values are means Ϯ SD of three independent experiments. A typical r.l.u. for wild-type CCR5 without TAK-779 was 50,000 Ϯ 2,500. The uninhibited value, in each experiment, is defined as 100%. With TAK-779 present, the extent of HIV-1 entry was reduced to 3,500 Ϯ 175 r.l.u. for wild-type CCR5. This residual entry was defined as 0%. For each CCR5 mutant, the extent of HIV-1 entry with and without TAK-779 was normalized in the range of 0 to 100%. CCR5 mutations that affect HIV-1 entry also affect the sensitivity of the entry assay in the presence of TAK-779. A few mutants, apparently more sensitive than the wild-type receptor to TAK-779, yielded entry levels Ͻ0%. These effects were small and may have no functional implication. For clarity, values Ͻ0% are plotted as ϭ 0%.
Identifying CCR5 Mutants Significantly Insensitive to TAK-779. We estimate that a variation of Ϯ20% from the mean is not significant in luciferase-based assays of HIV-1 entry (29-31), so all mutants yielding entry levels Ͻ20% with TAK-779 were considered insignificantly different from wild-type CCR5. The normalized mean entry level (ϮSD) for this subset of mutant receptors was 4 Ϯ 5%. Because a deviation from the mean of Ͼ2 SD is significant, a cut-off level of Ն14% entry in the presence of 200 nM TAK-779 was used.
Structural Model of the Transmembrane (TM) Domain of CCR5.
The model was based on homology with rhodopsin; NMR and mutational studies provided tight constraints for modeling the orientation of the TM helices and the location of the retinal prosthetic group (32) . The amino acid sequence of CCR5 was aligned with that of rhodopsin. The CCR5 amino acid side chains were extended from the helical backbone of the rhodopsin model and energy-minimized with the program XPLOR, using Powell minimization for 10,000 cycles. Hydrogen-bonding restraints were applied between the backbone amide and carbonyl groups. This allowed the TM helices to maintain ␣-helical structure, but provided flexibility for kinks to be introduced at TM prolines unique to CCR5. Hydrogen-bonding restraints also were applied between the following pairs of residues: Asn 48 ). The TAK-779 structure, including chloride counterion, was energy-minimized by using the PM3 semiempirical method of the program HYPERCHEM.
Results
Antiviral Activity of TAK-779. TAK-779 inhibits the replication of HIV-1 JR-FL , a CCR5-using (R5) primary isolate, in peripheral blood mononuclear cells, with an IC 50 of 10 nM (Fig. 1A) . We find R5, but not X4, primary isolates to be sensitive to TAK-779 at 10-100 nM (data not shown), as reported previously for different test isolates (24) . We also found that TAK-779 has no effect on entry of HIV-1, HIV-2, or SIV mac by CXCR4, CCR3, CCR8, V28, US28, APJ, BOB, Bonzo, or GPR1 in transfected GHOST-CD4 cells, but it efficiently inhibits entry of SIV rcm by means of CCR2 (Y.-J. Zhang and J.P.M., unpublished data). TAK-779 interacts with CCR2 (24), the major coreceptor for SIV rcm (33) .
The specificity of TAK-779 for CCR5 (and CCR2) suggests it targets the membrane-fusion stage of the HIV-1 life cycle. To confirm this, we performed a cell-cell fusion assay (Fig. 1B) . Fusion between CHO-K1 cells expressing CD4 plus CCR5 and HeLa cells expressing HIV-1 JR-FL Env was inhibited by TAK-779 (IC 50 , 200 nM). As a positive control, RANTES, a CCchemokine ligand of CCR5, also inhibited fusion (Fig. 1B) .
Inhibition of cell-cell fusion generally requires higher antagonist concentrations than does virus-cell entry, because a greater number of Env-receptor interactions need to be blocked.
TAK-779 Inhibits gp120 Binding to CCR5. To ascertain whether the fusion-inhibitory action of TAK-779 was by an effect on the gp120-CCR5 interaction, we measured the binding of gp120 JR-FL (as a complex with CD4-IgG2) to the CD4-L1.2-CCR5 cell line (19) . TAK-779 inhibited binding of gp120 JR-FL to CCR5, with an IC 50 of 15 nM (Fig. 2A) . In contrast, TAK-779 (100 nM) had no effect on binding to L1.2-CCR5 cells of five mAbs to various epitopes in the CCR5 N-terminal tail (Nt) and͞or the second extracellular loop (ECL-2) (Fig. 2B) . Thus, TAK-779 does not cause CCR5 down-regulation, and, hence, the loss of cell surface gp120-binding sites. Mutagenesis of the CCR5 Extracellular Domain. To define the TAK-779 binding site, we performed alanine-scanning mutagenesis of selected CCR5 residues. The aim was to identify CCR5 mutants that still supported HIV-1 entry, but that were less sensitive, or insensitive, to TAK-779 inhibition. We first evaluated wellcharacterized alanine-replacement mutants of the extracellular domain of CCR5 (30, 31) , because the gp120-binding site maps to this region, in particular, the Nt (30, 31, (35) (36) (37) (38) . However, alanine substitutions of residues in the extracellular domain had little or no effect on the antiviral activity of TAK-779; the mutant receptors still supported HIV-1 entry and were still sensitive to TAK-779 (Fig. 3) .
Mutagenesis of the CCR5 TM Domain Guided by Molecular Modeling.
The minimal effect of substitutions in the extracellular domains, combined with the failure of TAK-779 to inhibit binding of mAbs to the Nt and ECL-2 (Fig. 2B) , focused our attention on the TM segments of CCR5 (Fig. 3) . Our mutagenesis strategy was guided by a computer model of the CCR5 TM domain, based on the corresponding regions of rhodopsin (32) . The CCR5 structure predicted by this model implied that a putative ligand binding pocket present within the TM helices might be a reasonable location for a small molecule antagonist of CCR5 function. We initially mutated residues around this pocket whose side chains were predicted to face inward, as opposed to those facing the membrane bilayer or predicted to be involved in helix-helix interactions. The positioning on this model of the first residues found to affect TAK-779 action guided further rounds of alanine substitutions at topologically proximal residues.
Nine TM mutants significantly resisted the action of TAK-779 (Fig. 3 ). Five were strongly resistant; L33A and Y37A from TM1, W86A from TM2, and Y108A and T123A from TM3. Four more mutants were moderately resistant; R31A from TM1, T82A from TM2, I198A from TM5, and E283A from TM7. Finally, two mutants had borderline resistance to TAK-779; F79A in TM2 and L104A in TM3. Mutants Y68A, F85A, Y251A, N252A, and N293A had Ͻ0.2% of wild-type CCR5 coreceptor activity because of their poor cell surface expression (data not shown), so TAK-779 inhibition could not be accurately evaluated.
The positions of the TM domain residues implicated in TAK-779 action are displayed on the CCR5 model (Figs. 4 and  5) . The side chains of Leu 33 The mutagenesis and modeling data strongly suggest that the TAK-779 binding site is a pocket surrounded by TM helices 1, 2, 3, and 7. The depth of the pocket is approximately equal to one-third of the membrane span and is about the same length as the methylphenyl-benzocycloheptenyl group of TAK-779. This conjugated hydrophobic group is planar and connected to the positively charged benzyl-pyran-aminium moiety by an amide bond. The covalent amide linkage is ''meta'' to the cyclobenyzl group on the heptenyl ring, producing a notable bend of approximately 90°in the middle of the minimized TAK-779 structure (Fig. 5A) . Because this structure has distinctive hydrophobic and polar ends, we envision that the methylphenylbenzocycloheptenyl group inserts into the hydrophobic TM pocket, allowing the charged moiety to protrude and presumably interact with the polar extracellular domain.
Discussion
We performed this study to gain information on how a small molecule, TAK-779, interferes with the replication of HIV-1 isolates that use CCR5 to enter their target cells. We have determined the mechanism by which TAK-779 inhibits HIV-1 entry and identified its binding site on CCR5. Whether this particular compound will be developed into a clinically useful drug will depend on its pharmacological properties, but its binding site within the CCR5 TM domain represents a viable target for a range of small molecule inhibitors of CCR5 function. Such compounds may antagonize not only CCR5's subverted role as a HIV-1 coreceptor, but also its natural functions as a chemokine receptor, because TAK-779 inhibits ligand-induced signaling (24) . CCR5-targeted small molecules may be useful in other clinical conditions, such as inflammatory or autoimmune diseases or asthma (39, 40) .
How TAK-779 prevents HIV-1 entry probably is revealed by the observation that it inhibits the binding of gp120 to CCR5. The failure of the viral envelope glycoproteins to properly engage CCR5 would prevent them undergoing the conformational changes that drive the membrane fusion reaction (41) . It was unexpected that TAK-779 inhibits gp120 binding without also interfering with the interactions of mAbs with the extracellular domain, because all of the test mAbs are themselves able to block gp120-CCR5 binding (19) . In contrast, small molecule inhibitors of HIV-1 entry by means of CXCR4 block the binding of mAb 12G5 to ECL-2 of CXCR4 (21) (22) (23) . A further complexity is that mutagenesis studies have implicated the CCR5 Nt as being critical for gp120 binding (30, 31, (35) (36) (37) (38) , yet alanine substitutions in the Nt have, paradoxically, no effect on the antiviral action of TAK-779. One interpretation of the ligand binding experiments is that there is more overlap between the binding sites for TAK-779 and gp120 than there is between the TAK-779 binding site and the mAb epitopes. Another is that the binding of TAK-779 to the CCR5 TM domain might induce conformational changes within the receptor that directly or indirectly perturb the gp120-and RANTES-binding sites, without affecting most of the mAb epitopes.
A clue as to how TAK-779 blocks gp120 binding is that it also inhibits the binding of the natural CCR5 ligand, RANTES (24) . It has been proposed that chemokines bind to their receptors at two sites, one in the Nt and the other within the TM domain, and that the latter interaction is critical for signal transduction (39, 42, 43) . Perhaps gp120 has adopted a similar twin-site strategy for its binding to CCR5; for a stable, high-affinity interaction, an initial contact may be made between gp120 and the CCR5 Nt, followed by a secondary insertion of some gp120 residues into the TM pocket. The coreceptor binding site covers a significant area of the gp120 surface involving both variable and conserved regions of the molecule (41, 44) . This may permit a multistage binding mechanism.
Because chemokine receptors are structurally conserved, a similar pocket in the TM domain could be a target for antagonists of other members of this pharmacologically important receptor family. Small molecule inhibitors of CCR1 and CXCR2 are known, but their binding sites are not (45, 46) . There may be both generality and specificity to how small molecule inhibitors interact with CCchemokine receptors, exemplified by TAK-779. This is an antagonist of CCR2 and CCR5 but has no effect on several other chemokine receptors. However, there is significant conservation of the TM domain residues involved in the TAK-779 binding pocket among the chemokine receptor family. Of the residues at which an alanine substitution conferred strong TAK-779 resistance, Tyr 37 also occurs in some receptors. Positions in CCR5 where a mutation resulted in moderate resistance to TAK-779 are more variable. However, the residue at position 82 is exclusively Thr or Ser, and residue 283 is always Glu (except in CCR7 where it is Tyr). The aligned sequence of human CXCR4 shows the same conservation pattern.
Specificity in the interactions of small molecule inhibitors may be dictated by the interactions of a relatively hydrophilic moiety of the inhibitor with the extracellular domain of the chemokine receptor. It may be no coincidence that TAK-779 also antagonizes the functions of CCR2 because the sequence conservation in the extracellular domain is greater between CCR2 and CCR5 than among other members of the CC-chemokine receptor family (39) . In this respect, the two apparent structural halves of TAK-779 may have functional significance; it is conceivable that the hydrophobic moiety inserts directly into the TM pocket, whereas the rest of the molecule contacts the extracellular surface.
The binding sites on CXCR4 for small molecule or peptidebased inhibitors have been localized to the extracellular domain, particularly anionic residues within ECL-2 (21, 23, 47) . However, these CXCR4 inhibitors are all strongly cationic, and their interactions with CXCR4 are probably substantially electrostatic in nature. CXCR4 is unusual among chemokine receptors in having a strongly negative surface charge (48) , so the properties of this class of CXCR4-targeted inhibitors may be atypical.
An emphasis on the TM domains of G protein-coupled receptors as targets for inhibitors is supported by a report that peptide mimics of the TM helices can disrupt receptor function and the ability of CXCR4 to mediate HIV-1 entry (49) . Further mutagenesis studies on CCR5, including the use of nonalanine substitutions, should refine the confines of the TAK-779 binding site, as will the performance of computational docking studies between CCR5 and TAK-779. In particular, changing the benzylpyran-aminium moiety of TAK-779 by rational combinatorial synthetic approaches might result in a library of related compounds with different receptor subtype specificities. The accrued information may facilitate the design of superior inhibitors of HIV-1 entry by means of CCR5 and other coreceptors. 
